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A B S T R AC T

In this study, photocatalytic removal of Cr(VI) and Ni(II) by illuminated TiO2 was investigated 
with variation of solution pH, contact time, TiO2 dosage and initial Cr(VI) and Ni(II) concentra-
tion. From the photocatalytic reaction, near complete elimination of Cr(VI) and Ni(II) occurred 
from the adsorption of Cr(VI) and Ni(II) on the surface of TiO2 as well as reduction of Cr(VI) 
and Ni(II) to Cr(III) and Ni(0), respectively. Reduction was recognized as a signifi cant elimina-
tion process for the treatment Cr(VI) and Ni(II) from wastewater. Removal of Cr(VI) decreased 
with increasing pH while removal of Ni(II) increased with increasing pH. TiO2 dosage was also 
an important parameter for the removal of Cr(VI). As the TiO2 dosage increased up to 1 g l−1, 
removal of Cr(VI) and Ni(II) was continuously enhanced.
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1. Introduction

Rapid industrialization and urbanization have been 
contaminating the existing water resources by organics 
and heavy metals. The presence of heavy metals in the 
aquatic environment is a serious concern in the living 
organisms because of their toxicity [1,2]. Heavy metal 
ions such as Cr(VI) and Ni(II) are assimilated, stored, 
and concentrated by organisms those are exposed to 
low concentrations of these substances for long periods 
or repeatedly exposed to high concentrations of them 
for short periods [2–5]. The fate of chromium and nickel 
in the environment is closely linked to its chemistry. In 
aquatic environments, chromium presents as Cr(VI) and 
Cr(III). And nickel presents as Ni(II) and Ni0 [2,3,6,7]. 

Cr(VI) and Ni(II) is extremely toxic to human while 
Cr(III) and Ni0 is only slightly toxic. In addition, removal 
of Cr(III) and Ni0 through adsorption on solid phase is 
not an effi cient method compared to Cr(VI) and Ni(II) 
[8,9]. The safe and effective treatment of wastewater con-
taining heavy metals is always a challenging task due 
to a fact that cost-effective treatment methods are not 
much available. Ion exchange, direct precipitation and 
adsorption are the widely used methods in the removal 
of dissolved heavy metals. These methods require large 
surface area exposed to liquid and long detention peri-
ods. Moreover most of these methods need high capital 
cost and recurring expenses such as chemicals, which 
are not suitable for small-scale industries [10–13].

To overcome these problems, advanced oxida-
tion processes (AOP) have been widely studied and 
are recommended as a talented technique [14–16].
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 Overall, AOPs use hydroxyl free radical (•OH), as a 
strong oxidant, in order to destroy organic compounds 
that cannot be oxidized by conventional oxidants such 
as oxygen, ozone and chlorine [8,9,17–21]. The other 
methods used to generate hydroxyl radicals in aqueous 
solutions are O3/UV, H2O2/UV, Fe(II)/H2O2 and TiO2/
UV [22–24]. Among these methods, photocatalytic 
reaction using TiO2/UV can treat organic compounds 
and heavy metals at the same time. Photocatalytic 
reduction of Cr(VI) has been widely investigated in the 
presence of organic compounds such as dye, oxalate, 
humic acid [25–27]. Most of these studies reported that 
reduction of Cr(VI) proceeded quickly in the presence 
of organic compounds than that observed in the Cr(VI) 
alone. In addition, this technique can transform non-
biodegradable organic compounds to biodegradable 
organic residues. Therefore this technique can be used 
as pre- or post-treatment methods in the traditional 
wastewater treatment process because of its easiness in 
installation and operation [14,27–29]. However there is 
very limited information for the photocatalytic reduc-
tion of both cationic and anionic heavy metal ions con-
taminated in the water at the same time.

The present study investigated elimination effi cien-
cies of Cr(VI) in the presence of Ni(II) and vice versa by 
TiO2/UV photocatalysis with variation of the solution 
pH, contact time, TiO2 dosage and initial Cr(VI) and 
Ni(II) concentration. In addition, kinetic parameters 
were obtained by application of fi rst-order equation.

2. Materials and methods

2.1. Materials

Degussa P-25 TiO2 (80% anatase and 20% rutile) 
obtained from Aeroxide was used as a photocatalyst 
in this work. It has approximately spherical shape and 
nonporous property with purity greater than 99.5%. The 
specifi c surface area (BET) of the TiO2 particles was 50 
± 15 m2 g−1 (Evonik-Industrial Co), and average particle 
size of the TiO2 powder was 21 nm.

2.2. Experimental setup

The experimental setup for photocatalytic reduction 
of Cr(VI) and Ni(II) by UV/TiO2 is schematically shown 
in Fig. 1. A 125 W medium-pressure UV-lamp emitting 
maximum wavelength at 247.3 nm and light intensity 
equal to 1020 μW cm−2 (according to Shokofan Tosee 
company in Iran) was used as the radiation source. The 
reactor consists of two compartments: the outer one can 
be contained 2 l solution and a UV lamp is placed in the 
inner one. The outer part of the reactor is a 10 l water-bath 
maintained at 25°C for all experiments. All photocatalytic 

experiments were performed in a 1000 ml reactor. Dur-
ing the experiment, the test solution in the reactor was 
constantly stirred using a rotary mixer (H1-190M; Hanna 
Instruments, Kehl am Rhein, Germany).

2.3. Photocatalytic experiments

Stock solution (1000 mg l−1) of Cr(VI) was prepared 
by dissolving K2Cr2O7 (Merck, Germany) into deion-
ized water. The Ni(II) stock solution (100 mg l−1) was 
prepared by the following method. The 0.1 g nickel 
metal (Merck, Germany) was dissolved in 10 ml conc-
HNO3 (Merck, Germany) solution at 60–70°C then it was 
diluted with deionized water. Experimental solutions of 
the desired concentrations were obtained by successive 
dilutions. In batch tests, a selected dosage of TiO2 (0, 
0.25, 0.5, 0.75, 1, 1.25 g l−1) was introduced into 1000-ml
Cr(VI) and Ni(II) solution of a known concentration
(5, 15, 20 mg l−1) adjusted at pH 3, 7 and 11. The initial 
solution pH was adjusted by adding 0.1 M NaOH and 
HCl (Merck, Germany). And continuous pH adjustment 
was performed with 0.1 M HCl or NaOH during photo-
catalytic reaction in order to maintain the initial solution 
pH. All experiments were performed under ambient 
conditions for 2 h. TiO2 suspensions with Cr(VI) and 
Ni(II) were equilibrated in the dark for 30 min. After the 
equilibration period, the UV-lamp was turned on and 
the solution was periodically collected from the reactor. 
At each selected time intervals, 10 ml solution was taken 
from the suspension. All the samples were covered by 
aluminum foil to avoid sunlight. All experiments were 
accomplished at 25 ± 2°C. The aqueous samples were 
centrifuged (Sigma-301; Sigma-Aldrich, Osterrode am 
Harz, Germany) at 4000 rpm for 60 min to remove TiO2 
particles and then dissolved Cr(VI) and Ni(II) was ana-
lyzed. Cr(VI) was analyzed by 1,5-diphenylcarbazide
method by a spectrophotometer (HACH-DR 2500; 
HACH Co., Loveland, CO, USA) at a wavelength of 
540 nm. Ni(II) concentration in the solution was mea-
sured by Flame Atomic Absorption Spectrometry (AA, 
Thermo Jarrell Ash, Smith Hieftje 22, Japan) [30].

Fig. 1. The schematic diagram of the experimental set-up for 
photocatalysis of Ni(II) and Cr(VI).
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3. Results and discussion

3.1. Effect of TiO2 dosage and contact time on the removal of 
Cr(VI) and Ni(II)

Removal of Cr(VI) and Ni(II) was investigated by 
varying the initial TiO2 dosage (0, 0.25, 0.5, 0.75, 1.0, 1.25 
g l−1) at initial pH 7 and at constant Cr(VI) and Ni(II) con-
centration (15 mg l−1) up to 120 min. In addition, effect 
of contact time on the reduction of Cr(VI) and Ni(II) was 
investigated by varying the contact time (15–120 min) at 
initial pH 7 and at constant Cr(VI) and Ni(II) concentra-
tion (15 mg l−1) and TiO2 dosage (1 g l−1). Fig. 2a and b show 
the effect of TiO2 dosage and contact time on the removal 
of Cr(VI) and Ni(II), respectively. At the initial reaction 
time (t = 0) before photocatalytic reaction, the percent 
removal of both Cr(VI) and Ni(II) increased as the TiO2 
dosage increased. This trend can be explained by favor-
able adsorption of both Cr(VI) and Ni(II) by increased 
adsorption sites. As shown in Fig. 2a, the reduced amount 
of Cr(VI) by UV-alone system was approximately 33% 
after 2 h. This amount was much higher than the previ-
ous results reported by Yang and Lee [27]. The gradually 
increased nickel removal by UV-alone system as shown 
in Fig. 2b can be explained by the precipitation of Ni2+ in 
solution. With increasing TiO2 dosage from 0.25 to 1.25 g l−1

and contact time up to 120 min, the removal effi ciency 
of Cr(VI) and Ni(II) increased because of the increased 
adsorption sites on the TiO2 as well as the increased pho-
tocatalytic reduction of Cr(VI) by more free electrons gen-
erated in the conduction band [31].

In order to evaluate effect of TiO2 dosage on the 
removal rate of Cr(VI) and Ni(II), a simplifi ed fi rst-order 
rate equation was applied (Eq. (1)):

ln 1k t1[ ]C C0 / = (1)

where C0 and C is the Cr(VI) and Ni(II) concentration 
at initial time (t = 0) and time t; respectively; k1 is the 
fi rst-order rate constant and t is the reaction time. Fig. 3 

shows the correlation between TiO2 dosage and the fi rst-
order rate constant of Cr(VI) and Ni(II). The fi rst-order 
rate constants of Cr(VI) and Ni(II) increased as the TiO2

dosage increased up to 1 g l−1. Based on this trend, an 
optimum TiO2 dosage was determined as 1 g l−1.

3.2. Effect of pH on the removal of Cr(VI) and Ni(II)

From the blank test with TiO2 alone, adsorption was 
an important process for the removal of Cr(VI) and 
Ni(II) depending on the solution pH (data not shown). 
This result was well matched with the initial removal 
data of Cr(VI) and Ni(II) during the photocatalysis with 
UV/TiO2 as shown in Fig. 4a and b. Under illumination 
by the UV lamp, the Cr(VI) solution gradually lost its 
originally yellow color while the white TiO2 turned into 
pale green. The product of photocatalytic reduction of 
Cr(VI) with illuminated TiO2 might be Cr(III). While the 
product of photocatalytic reduction of Ni(II) with illu-
minated TiO2 might be Ni(0).
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Fig. 2. Effect of TiO2 dosage on the removal of (a) Cr(VI) and (b) Ni(II) (pH = 7, [Cr(VI)] and [Ni(II)] = 15 mg l−1).
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The redox potential of the electron in the conduction 
band of TiO2 (ECB) depends on the crystal form of TiO2 
and on the solution pH. In case of anatase, ECB varies from
ca. −0.06 V to ca. −0.86 V at pH 11.16. Considering a Nern-
stian dependence of ECB on solution pH at a rate of −0.059 
V/pH, TiO2 has suffi cient reducing power to cause nickel 
deposition. The band gap of TiO2 is around 3.2 eV with 
energy of conduction band −0.3 eV and valence band +2.9 
eV at pH 5.6. Therefore, any metal ions having a reduction 
potential less negative than −0.3 eV would potentially be 
reduced by photogenerated electrons [32]. Considering 
the photocatalytic reduction of Cu2+ reported by Reiche 
et al. [33], photocatalytic reduction of Ni2+ can be possible 
through the following mechanisms.

2 2[ ]TiO e h2
+hh  (2)

Ni e Ni2+ −2+ →2e−2e 0 (3)

H O 2h 1 2O 2H2 2O 1 2O+ →2h2h+ +1 2O 2H→ (4)

Ni H 1 2O  2H2
2 2O N 1 2O+ +H O Ni 1 2O 2H+ +H OOH O → +NiNiNihν 0 (5)

Lin and Rajeshwar reported the formation of nickel 
deposition on TiO2 using X-ray photoelectron spectros-
copy (XPS) after photocatalytic reaction [34].

Fig. 4a shows removal pattern of Cr(VI) at differ-
ent solution pH. As the solution pH increased, removal 
of Cr(VI) decreased because of the different speciation 
of Cr(VI) and redox potential at different solution pH 
[18,27,31].

Under acidic condition:

Cr O 14H 6e
2Cr 7H O 98 eV SHE

2rr
3

2

7
2

0 0

− +14H −

+
+ +14H+14H →

=7H O 0 ( ).E (6)

Under neutral condition:

CrO 8H 3e
Cr 4H O  56 eV SHE3

2

4
2

0 0

− +8H −

+
8H8H →
+ 4H O2 ( ).  (7)

Under basic condition:

CrO 4H O 3e
Cr OH  5OH 24 eV SHE

2

3

4
2

0 0

−4H O 3+4H O4H O →
( ) + 5OH ( ).

 (8)

Another reason for the decreased removal rate 
at higher pH may be attributed to the deposition of 
Cr(OH)3 on the surface of TiO2 [18]. This mechanism can 
be explained by the adsorption of Cr(VI) onto the sur-
face of TiO2 and subsequent redox reaction on the surface 
of TiO2 as expressed in the below equations. Photocata-
lytic reduction of Cr(VI) is possible by directly capturing 
photo-generated electrons (Eq. (13)) as well as by indi-
rectly getting electron from surface Ti3+ of TiO2 (Eq. (12)). 
The original sources of electrons came from Eq. (10). The 
speciation of Cr3+ depends on the solution pH and hydro-
lyzed Cr(OH)3 is favorable at high solution pH [18,31].

Cr  Cr6
suspension

6
adsorbed

+ +Cr6→
 (9)

3 2[ ]TiO e h2
+hh  (10)

3 Ti e Ti4 3Ti ++  eee⎡⎣⎡⎡ ⎤⎦⎤⎤  (11)

3Ti C Cr  3Ti3 6
adsorbed

3
adsorbed

4+6C + +3Ti4+ →Cr6Cr adsorbed
+6Cr +  (12)

Cr 3e  Cr6
adsorbed

3
adsorbed

+ −3 ++ →3e−3e  (13)

For UV irradiated TiO2, there are two kind of Ti3+

produced: inner Ti3+ and surface Ti3+. The inner Ti3+
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Fig. 4. Effect of solution pH on the removal of (a) Cr(VI) and (b) Ni(II) with UV/TiO2 ([Cr(VI)] and [Ni(II)] = 15 mg l−1, TiO2 
dosage = 1 g l−1).
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usually acts as recombination center which is detrimen-
tal to photocatalytic activity. On the other hand the sur-
face Ti3+ is known as reactive center for photocatalytic 
process [18,31].

Fig. 4b shows removal pattern of Ni(II) at different 
solution pH. As the solution pH increased, removal of 
Ni(II) increased because of the favorable adsorption 
of Ni(II) onto the TiO2 surface as well as the formation
of reduced Ni(0) through photocatalytic reduction and 
more precipitation of Ni(II) as Ni(OH)2 [9]. It is generally 
known that adsorption of cationic type heavy metal ion 
onto metal(hydr-)oxides is favorable at high pH because 
more negative surface charge developed on the surface 
of meta(hydr-)oxides and interaction between cationic 
metal ion and meta(hydr-)oxides increased [35].

3.3. Effect of Cr(VI) and Ni(II) concentration on the removal 
of Cr(VI) and Ni(II)

Removal of Cr(VI) and Ni(II) by UV/TiO2 was inves-
tigated by varying the initial Cr(VI) and Ni(II) concen-
tration (5, 15, 20 mg l−1) at pH 7 and at constant TiO2 
dosage(1 g l−1) for different time intervals. Fig. 5a and b 
show the effect of initial Cr(VI) and Ni(II) concentration 
on photocatalytic reduction effi ciencies of Cr(VI) and 
Ni(II), respectively. It can be seen that removal effi ciency 
of Cr(VI) and Ni(II) decreased as initial Cr(VI) and 
Ni(II) concentration increased. The presumed reason 

is that when the initial Cr(VI) and Ni(II) concentra-
tion increased, more Cr(VI) and Ni(II) molecules are 
reduced on the surface of TiO2. Therefore the large 
amount of reduced species from Cr(VI) and Ni(II) is 
thought to have an inhibitive effect on further reduction 
of Cr(VI) and Ni(II) by electrons in the conduction band 
[8,10,17,27,36–41]. Because the initial concentration of 
Cr(VI) and Ni(II) employed in this study was low, the 
removal kinetics can be described adequately by a sim-
plifi ed fi rst-order rate equation (Eq. (1)) [42,43]. First-
order rate constants of both Cr(VI) and Ni(II) at three 
different concentrations are summarized in Table 1.

3.4. Effect of Cr(VI) on the removal of Ni(II) and vice versa

Simultaneous removal of Cr(VI) and Ni(II) by UV/
TiO2 was investigated at initial pH 7 and at constant cat-
alyst dosage(1 g l−1) for different time intervals. Fig. 6a 
and b show effect of initial Cr(VI) and Ni(II) concentra-
tion on the photocatalytic removal effi ciencies of Cr(VI) 
and Ni(II), respectively. It can be seen that removal effi -
ciency of Cr(VI) decreased in the presence of Ni(II) over 
the entire reaction time and vice versa. The presumed 
reason is that when both Cr(VI) and Ni(II) presents, 
competitive adsorption between Cr(VI) and Ni(II) on the 
surface of TiO2 as well as competitive reduction between 
Cr(VI) and Ni(II) by electrons from conduction band of 
the TiO2 might occur.

Table 1
Experimental results for the photoreduction of Cr(VI) and Ni(II) onto TiO2 in aqueous solution

pH [Cr(VI)]0(mg l−1) k1(min−1) R2 [Ni(II)]0 (mg l−1) k1(min−1) R2

7 5 0.013 0.997 5 0.013 0.982

7 15 0.010 0.994 15 0.013 0.981

7 20 0.004 0.956 20 0.009 0.959
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Fig. 5. Effect of initial Cr(VI) and Ni(II) concentrations on the removal of (a) Cr(VI) and (b) Ni(II) with UV/TiO2 (pH = 7, 
catalyst dosage = 1 g l−1).
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4. Conclusions

The major fi ndings of this study are as follow:

1. Photocatalytic removal of Cr(VI) and Ni(II) increased 
with increasing the TiO2 dosage because of the increased 
adsorption sites on the TiO2 as well as the more genera-
tion of free electrons in the conduction band.

2. Photocatalytic reduction of Cr(VI) increased by 
decreasing pH because of the different speciation of 
Cr(VI) and redox potential at different solution pH. 
Another reason for the decreasing removal rate at 
higher pH may be increased deposition of Cr(OH)3, 
which was produced from Cr(VI) reduction, on the 
surface of TiO2. Also, as the solution pH increased, 
removal of Ni(II) increased because of the favorable 
adsorption of Ni(II) onto the TiO2 surface as well as 
the formation of reduced Ni(0) through photocatalytic 
reduction and precipitated Ni(OH)2 above neutral pH.

3. Removal effi ciency of Cr(VI) and Ni(II) decreased 
as initial Cr(VI) and Ni(II) concentration increased. 
The presumed reason is that when the initial Cr(VI) 
and Ni(II) concentration increased, more Cr(VI) and 
Ni(II) molecules are reduced on the surface of TiO2.

4. Photocatalytic reaction with illuminated TiO2 can be 
used to reduce toxicity of heavy metal ions such as 
Cr(VI) and Ni(II) through reduction process from 
wastewater.
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